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ABSTRACT

This report discusses criteria for cargo restraint and cargo tiedown for
Sthe forces resulting from the rail transportation environment. The report

covers methods for calculating the restraint forces for a broad range of
cargo railcar combinations. Use of these methods will improve accuracy
of restraint criteria and, in turn, will improve reliability of cargo
restraints and reduce costs consequent to restraint over design.
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I. INTRODUCTION

Railcar cargos need to be secured, anchored, or tied to the railcar to
prevent uncontrolled relative motion between the cargo and the railcar.
During transit, vertical dynamic forces in the tiedowns are developed by
the railcar wheels traversing irregular and elastic tracks. Principal
longitudinal input forces are developed both by train coupler shock, which
causes incremental train tension and compression during passage over
vertical curves, and by braking. Lateral dynamic forces are generated
from lack of levelness from one track to the other and from the combina-
tion of coupler tension and railcar truck action as a railcar traverses a
horizontal curve.

The forces that have received the most attention for cargo tiedown are
forces generated through the coupler, the car body, and the cargo during
rail switching or railcar impact operations. Tiedown forces consequent
to railcar impact are initially in the longitudinal direction at the coupler
and in the longitudinal, vertical, and lateral directions at the cargo tie-
down; this is due to misalignment of the resisting forces that result in
force couples in the three principal directions. Tiedown shock forces•7 generated from railcar impact are usually of the greatest magnitude of all

operational forces; hence, they are often the only forces considered for
tiedown design. Also, impact forces are the easiest to simulate for test
application and are comparatively simple to analyze for criteria develop-
Sment. Particular comprehensive engineering analysis of all forces is
required for high-value, sensitive, or hazardous cargos to reduce the
risks of cargo damage or accidenit caused by lack of precision in cargo
tiedown criteria. Current practice to insure adequacy of cargo tiedown
for rail varies from no tiedown provision for cargos that need none, to
elaborate and expensive test and evaluation programs for cargos that
require a high degree of tiedown reliability. For most o' the cargos that
require tiedown attention, the blocking and bracing or tiedown is designed

to withstand a proof test. Considerable blocking and tiedown experience -

has been acquired. This experience can be used to select the tiedown or
blocking arrangements that will be sufficiently strong to pass standard
impact tests and to identify areas of marginal strength. Standard railcar
impact tests are conducted; then tiedown members or configurations that

fail are strengthened or reconfigured until the system satisfactorily goes
through the tests and receives approval based on visual inspection. To
date, this procedure has been adequate and has produced an overall good
record of cargo tiedowns at minimum cost.

The current method of controlling cargo tiedown, even though it is based
entirely on experience and practical judgment, has certain basic mechani-
cal factors built into the approval process. These mechanical factors are
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Many organizations, military and industrial, perform tiedown design and
rail impact tests for military and conmmercial cargos. Little uniformity

exists in the tiedown criteria. They are not specific or precise, and
different tiedown forces might result when applying the same broad cri-
teria. Tiedown criteria must be stated in tiedown forces, or in methods
to get tiedown forces, to obtain uniformity and consistency in basic design
values.

Military Traffic Management Command (MTMC) recognized both the
urgency and need for tiedown criteria. A program was set up to establish
tiedown criteria by analysis and research and by utilizing existing ap-
proved test results. The program was planned to include study of tie-
downs for all Army cargos because rail shippers are responsible for

developing and applying cargo tiedowns. Most tiedown configurations
have to be approved by the railroads prior to shipment. The railroads
frequently require analysis, design calculations, proof, and/or tests for
tiedowns of particular cargos prior to shipment. Either the railroad or
the Association of American Railroads provides the inspection, approval,
and general advice, but not the funds, to conduct the engineering design or

criteria work.

Military Traffic Management Command (MTMC) conducted the library
research and analysis of tiedown mechanics and practice from July 1974
to June 1975. Areas of importance that appeared to lack attention were
emphasized in this study; they were engineering mechanics, balanced

0 tiedown designs, costs, and risks.

II. OBJECTIVE

To develop cargo restraint criteria for analysis, design, and testing of
blocking and tiedown structures used to affix cargos to railcars.

III. CONCLUSIONS

". It is concluded that:

1. Restraint criteria, the forces required to design cargo restraints,
can be determined with proper application of test experience and engi-
neering mechanics.
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2. Four methods for calculating restraint criteria- -namely, coupler
force, empirical, classical, and energy--all produce usable, accurate
restraint forces.

3. No one method of calculating restraint criteriai is perferred over the
others for all cargo railcar systems. Each method has mechanical and
structural considerations that will dictate its usage for calculating re-
straint criteria.

4. The flexibility of the cargo restraint structure determines, in part,

* the forces imparted to the restraint and the cargo. The physical arrange-
rnent of the restraint must be either known or specified to establish

restraint criteria.

5. Improved accuracy for restraint criteria will improve both safety and
reliability by providing adequate restraint protection, and will effect cost
savings by eliminating overdesign in all or part of the restraint structure.

IV. ANALYSES

In order to give specific criteria, it is necessary to describe the high
intensity shoclk occurring at the railcar floor or platforms on which the
cargo is supported. These shock criteria are described for the longitu-
dinal direction as ideal terminal peak saw-tooth pulses having a peak
acceleration of 40g in logitudinal, 16 g in vertical, and 8g in lateral direc-
tions with the pulse durations of 11 milliseconds. Design criteria shall

require this shock pulse to be repeated three times in each direction. For
reusable components, where fatigue effects are pertinent, design criteria
will be 1,000 shocks of 4 0 g amplitude and a pulse duration of 6 millisec-
onds.

Specific criteria for a range of frequencies in the three principal direc-

tions are:

Peak Acceleration in g's

Frequency
CPS Longitudinal Vertical Lateral

2 10 4 2
10 50 20 10
20 63 45 20
40 150 85 40

60 200 130 50
80 300 180 50

100 400 250 55
4



Spoctltt c rtlertA roprsoint the n'm,4i•*mmmiu: shock vAlvis to be evxpirted.
Coontribmtttlng to those miiaxlIMnnS .ire 41740 11Axln1 axpected impact speeds.
mAximulvi unitavorAblO cArgto-railcar weight eou1htatit. , mlu'tm
imutiltatch of comtponont elastcttoo and nt tl( datiptn. Impact speed i,,
independent of design, Nit all other factoro can be minlimized by mnechia1-
tlva deostgis to produtce forces and accelerations substantially lower in
severity than the specific criteria listed. Some Armv cargos aro sutffi-
cientlv strong. or of such Iomi ts a S to be imtit1111e to the severities of
maxinmi• shock possibilltles and re'quire no attention in design of re-
str'atnts to reduce shocks below the maxinutm possible.

Most Army cargos of transportability interest are those that require
economic restraint structures with the greatest possible shock attenuation.
These cargos require restraints that are analyzed and de4igned to result
in the lowest possible forces acting on the restraint and on the cargo.
Mechanical analysis for a specific cargo-restraint configuration should
prodtuce both more economic and more reliable restraint design than one
resulting from application of the specific criteria.

There are several instances in which the Army would have been in a tmore
defensible position if the basic mechanics criteria formula of this report
had breeu available and applied. The accident report of the National Trams-
po+rtation Safety Board. 24 Mxav 1073. describing the investigation of the
trvivht tramn-irmunitions explosion at Belnson, Arizona. discussed blocking
.,nd bracing failu res. One of the niunitions cars, MKT 531L, was cut
from the train because of a broken floor shortly before the explosion of
the 22 munition cars. Inspection of this car slhowed that the "bracing in
1,h.4, v.r had shifted and was lo0,se at ottle elld \wail." ,11nd that "the blockin,
.1T19d bracitig were damagt, d and loosened. Some of the bandinig on the
p, ltets was loosened aind others had shifted. Several of the bombs had
e ontactted one, another. " The repor t: states that "the Navy desigined the
'',l•*klig and bracin. of iunitions to withstand ihpacts of S miles per hour.
l.ither thts standard was not met in MET 5301L or thle car was subjiected
ta , pol,titiallv daimaging impact which was tnot reported.'" The evidence
!ro.mu t0'v el.atimagt, d bl|vling an1d bracii. was strong, but a stronig aMalvsis

. i, not f''rthloim1g. Kl.id the restraint criteria e•,i stated in qui.1tities
,o' frc' asd frequencv In1stad of in 111m1pact velocttv, it could bIe stated
+'ha.. fl t," dte tti1i1.tta t forv'e wa. JAW, 000 po11unds. o' it ance. and this

~',r, .v wV'19 ,,ve'rded. This etnt~iehwrinig ec han ic,4 approa,,ch+w\ould giiv .
m-" for rv.tra111 desth.•n ,ud restraint applc'ation corrective action to
on pr-., ." .oaf.'Iv andt relate the cargo rst tr.ittit ii i flit, lie , pected va r to
t!,,,e' It th)', t,,,loded mi1ia tihn var".

,,,t " + \ t , % , t , • , C',, m avidm {: N(."4,• 1S 1 •1C )I A l'mi ti•mi C o t" R~'op or t
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shipment, atates: "Tho 105-mm portion of the JK-3 restraint systenti
tvst load t•ailed to successfully completo the trial shipment. Twu of the
hold-down straps failud," 'T'his in-service restraint failure occurred on
the first test shipment, which concluded a comprehensive testing progratu
in which the restraints withstood severe impacts in excess of 10 miles per
hour with a 210, 000-pound hammer car. Restraint fractures and cargo
displacement observed after service-induced failure were different from
those observed after test-induced failure, suggesting improper test simttu-
lation. It appears that the holddown straps might have failed due to
intransit resonance and fatigue or to some other condition that was not
simulated during the testing program. It would have been easier and more
economical to pinpoint restraint overloads during the first test shipment
if the original criteria for the ammunition restraint had been stated in
terms of force and frequency for a continuous range of cargo weights and
springing combinations. As it turned out, the trial shipment test failures
were unexplained, and this failure terminated the comprehensive testing
program for development of restraint criteria. The credibility of criteria
developed by this program and by the rail and highway test procedures
was greatly weakened by a failure of correlation in use of cargo restraint
between the test-simulated environment and the in-service environment.
It is probable that, with the mechanics approach, either the program
would have been successful through the trial shipment, or any basic me-
chanics difficulty would have been detected early enough in the test pro-
gram to minimize any investment in criteria and restraint development
programs that were less than successful.

The Army let several contracts in 1974 and 1975 to develop removable
restraint systems for'shipment of ammunition in commercial containers
that have no built-in restraint systems. According to the criteria given
the contractors, the devices miiust survive a particular rail impact test
conducted by the Army. The result has been that the contractors, using
the contract funds, design and fabricate the restraint systeni based on
their experience. The Army then tests the various systems and discovers
that they are not strong enough.

If the restraitint criteria expressed in formniulas contained in this report
were used in the requests for bids for contracts, tile progtram would be
less costly to the Army, and the chance for a successfiul \eveloplient
would ~e ~greatly increased. Before inicutrritng prototype a.nd testing costs,
the Artily could require an analysis showing that the proposed device is
calculated to withstand the criteria litmlits expresst, '. inl the fortmulals.
S,,rtiti, ranking, anid man\, con•i;rison s of p•roposetd divi cc. could be
r,,1fiipltted by mtvec hatnical analy sis . C ottrat 'I ptrtoto t'ype cO Strue.t ion aind
\ ritly vtstitig woutld then lie perfort' add oilyv for thlose idevice s disclosed by

41l4i%' ~ I ~to it, the mom, t p romtis.iu•g for pI'oIect cost rv, ductiont.



Designers have the most immediate application of restraint criteria

expressed in formula form. They must start with external forces, and
the criteria formulas give these external forces as well as frequencies
and directions necessary to base a restraint or fitting design. Designers
would also apply the criteria to provide a check on the forces by using one
or more of the methods. The restraint criteria probably are the most
important factors with which the designer has to deal, and ones over which
he or she has no control. By applying the formulas and using the results
to evaluate feedback, the designer has a sound basis for entire design.
As basic changes are made in the design process--for instance, from
chocked to tied-down cargos--and in the consideration of other loading
generato,:s, the formulas can be reapplied to predict the applicable input
forces. Early in the design process, designers can apply the formulas
to calculate component frequencies in order to stay away from unwanted
resonances.

Transportation managers will apply the restraint criteria indirectly, but
the formulas should prove useful to them. Transportation managers can
request formulas and analyses for cargo restraints suspected to be either
underdesigned or overdesigned. They will be less dependent on the de-
signers and will have additional specific input for cargo restraint
decisions.

Transportation planners would apply the rail restraint criteria by request-
ing that an analysis be made when major restraint changes are planned.
Resonances and amplifications normally are not considered in the planning
stages, but planners must provide resonance-free transportation for some
selected cargos. The restraint criteria, as given, will allow for pre-
dicting the restraint conditions that would be highly susceptible to reso-
nance. Planners can apply analysis, based on the criteria, to increase
the value of their plans.

The greatest merit of restraint criteria is that it provides a basis on
which to analyze the mechanics of railcar impact. Many times, data can
be obtained or comparisons made from analysis alone, without physical
tests. Costs of testing programs in this shocx and vibration or mechanics
area run from $25, 000 to $250, 000. Costs of analysis, which often is
sufficient to obtain the information required, run from $10, 000 to
$100, 000. The biggest cost-saving factor is that analysis does not require
instrumentation, prototypes, testing, and data reduction.

The merit in expressing the restraint criteria by formula is that the
analysis can be readily expanded, contracted, or changed without losing
the benefit of the work done. Testingis entirely inflexible because test
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results from one cargo indicate little about how another cargo will re-

spond with regard to weight, spring rate, and amplification.

An analysis based on restraint criteria provides a better library of infor-

mation than do test data because it is not dependent on instrument calibra-

tions, bands of frequency, or instrument improvements. Basic analysis

never becomes obsolete because the mathematics never change. A prin-

cipal merit for restraint criteria in formula form and for follow-on

analysis is that the criteria formula provides information to designers in

direct, usable form. Forces are the common denominator for communi-

cation among criteria preparers, designers, and analysts.

Many cargo restraints require tests regardless of the analysis performed.
When tests are mandatory, the application of restraint criteria and anal-
ysis will be beneficial to the test program. Formulas can be used, to
reduce test costs, and to extend test results for various other spring-mass

arrangements. Analysis will reduce the experimentation necessary to find

extreme conditions, and will hasten the pretest arrangements. It will
give a better understanding of test results and assist in identifying and

classifying component failures. Normally, test failures require additional
action to remedy the weakness. Criteria and analysis will expedite this
process when a test program is preceded by analysis and followed by cor-
rections to the system based on analysis and test findings. The criteria

analysis and test approach has the added advantage of being more scien-
tific than the current practice of test and fix; the scientific approach is
a process of calculation, measurement, and correction.

Some of the four methods of determining restraint criteria appear more
applicable for particula'r types of cargo and railcars than others. The
following display gives a general indication of which criteria methods

appear to be most suited to different types of cargos. For the listing,

G is good, F is fair, and P is poor.

Criteria Method
Coupler

Cargo Types Force Empirical Classical Energy

1. General, boxed F F F F
Z. General, rigid P P oF F
3. Vehicles P F F G
4. Ammunition P F G G
S. Piggyback P P G G
6. Bulk %P G P P
7. Equipment containers. P P G G



Criteria Method
Coupler

.Cargo Types Force Empirical Classical Energy

8. Tanks, bulldozers G P F F
9. Nuclear waste G P F F

10. Missile systems P P G F
Ii. Comnmlunication systems P P 0 F

Many benefits are possible from application of the restraint criteria
presented. Testing costs can be greatly reduced by use of this more
precise, straightforward approach. Design costs are held to a minimum
because criteria forces are supplied in a form that can be readily applied
to design. Also, criteria forces expressed in formula form reduce the
effort required for design optimization or for major design changes.
B~etter and more comprehensive criteria for designers will contribute to
simpler restraint designs and should greatly reduce costs of applying
cargo rstraints.

Restraint criteria will benefit the Army in the area of cargo safety. With
quantitative assignment of forces to the restraints for the particular sys-
tems, the Army will be in a more defensible position if an accident results
from a suspected restraint failure. With the criteria analysis system,
there exists a better description of the strength and forces of all restraint
components; this will more quickly pinpoint a safety hazard. Also, after-
the-fact analysis of accidents will provide feedback, in terms of fractures
and failures that can be compared with forces and stresses, to isolate the
problem item and to improve and check on the basic criteria and analysis.

Restraint criteria should produce time savings in several areas. The
time it takes to apply cargo restraints has always been important because
it adds to the costly time of transportation. More accurate criteria, with
resultant more accurate design, will reduce restraint application time.
"Time for analysis and test for restraint systems will be reduced because
the criteria will be prepared in more usable formn. Approval time also
will be inmproved because it will involve principally a comparison of a
criterion torce, a design stress, and a meansured test force. Tiedown
criteria can be established by a variety of niethods. Each method has
applicahility and improved accuracy for particiilar cargo configu rations.
The Armby carrgos cover a complete range of \veiglht, elasticit y, damping,
aind rigidity. No oii" tiedown -ciriteria nwcthod is conservative or safe
for all cargos. Selection of the proper maethod would he based primlarily
on the mehanical charactristics of the cargo anid the tiedowvn. All
in t*lhiods rie Itirt, hac kgtrouid auid expe 'HIe uc e to maike pr oper a•ta l um ptions,
,tid~ S111t Crt'itt ria IltltiO(lS r'Ofiktir an 1nud1erstaiiiig of basic eIngineering
II C I' il Ilit' S
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The four methods of establishing tiedown restraint criteria that appear

to have the most applicability to Army cargos will be discussed. The

target of all methods is development of the external forces required for

a safe tiedown structure.

Coupler Force Method

The Association of American Railroads (AAR), Specifications for Design,

Fabrication, and Construction of Freight Cars, adopted 1 September 1964,

includes the following new requirement in paragraph 4. 1. 10. 2:

"For cars in this group using end-of-car cushioning, the car shall

have a structural capability of w&thstanding the following coupler forces

applied at one end of the car:

Length of Travel in Buff Coupler Force

Less than 6 inches 1, 250, 000 pounds

6 inches but less than 9 inches 1, 000, 000 pounds
9 inches but less than 14 inches 750, 000 pounds

14 inches and greater 600, 000 pounds.

This .pecification covers cargo restraint and tiedown items that are part
of the railcar, such as fixed and movable bulkheads, inflatable dunnage,
and tiedown fittings. For many Army cargos, especially heavy items, a
balanced design would suggest making the tiedown force criteria consistent
with the force criteria for the other car components. The main purpose
of listing coupler forces for each amount of buff travel is to insure that
benefits of high-cushion railcars are used as criteria for all structural
components that will 6e subjected to the reduced shock loadings. Tie-
downs also require less strength for high-cushion cars than for standard
draft-gear cars.

For the coupler force method, the appropriate coupler force (CF) is
distributed to the system component masses (M) in proportion to their

share of the weight (W) that opposes the CF. For a first approximation,
vertical and lateral forces may be estimated as follow: take 40 percent
of the longitudinal force for the vertical force and 20 percent of the
longitudinal force for the lateral force. This proportion assumes that the
forces in the three principal directions occur at the samne' tine. This
assumption approaches fact for railcars with long travel draft gears,
because the longitudinal force duration is long enough to take in the longi-
tudinal and vertical forces that are usually behind the coupler force pulse.

1



An example of the coupler force method for tieclown criteria would be an
80, 000-pound cargo transported on a 65, 000-pound, lightweight railcar
with a standard draft gear, with less than 6 inches length of travel.

CF- W C-F 1,250,000 lb

" t.-R w, 1 = 80,000 lb

StW2 Rj2 w2 65, 000 lb

FL = longitudinal force, tiedown = + (1)

= (1, 250, 000)(80, 000) = 689, 650 lb
80,000 + 65,000

Fv = vertical force, tiedown 0.40(F'L)

= 0. 40(689, 650) = 275, 860 lb

FLA = lateral force, tiedown = 0. Z0(.VL)

= 0. 20(689, 640) = 137, 930 lb

The restraint forces are dependent on configuration of the restraint. The
size of the mass and the magnitude of the restraint forces suggest a tie-
down design comprised of chocking at the railcar floor and tiedown with
steel cables. With this restraint arrangement, the forces are calculated
as shown on the following page:

FT2 FT1

IT IFV5' Fv L

C1 'A

SH 0

F'C"1: F L 689, 650 lb

11



where

F 0 1 2 Force on chock

F F Force on tiedown
T I

MA 0

689, 650(2) + 275, 860(5) 7,80l

The portion of the tiedown forces, FT1 3 , contributed by the lateral corn-

4 ponent of the external force, FLA, can be computed separately and added

to the affected tiedown forces by superposition.

FT3() =FLAT .5

L"L

FT (aerl =1.where25)=68 65l

For his Foarpe the choupeockeho aldfra aiu oc

onFT tecokof68,60pudana ainmforce onth tiedowns o

121

•, T110 =FL3(5 ) F v(Z.5)

S689, 650(2) +37, 7930(2. 5) = 2 5 8 0l

•!;FT3 ltrl = 68 65l

i ~ ~ ~ ~ (lon &oto ofteteonfocseTcnribted b+ Fh (lateral)crn

••Foreto this examltherna ple force meAthanob callued fopr atelyand forced

to the acfected teof 68,65ounds and apmrpoimumiorcnnth ido o

one en"ftecroo 4,85puns hsfrewudrqiea
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impractical number of cable tiedowns and a reconfiguration of the tiedown

structure is indicated. The next design configuration woulct relocate the

structural restraint members to partition the chocking forces and uise a

bracing arrangement in place of the tiedown members. The resulting

forces wvould be calculated by starting with FL, Fv, and FLA, which
values are independent of the restraint configuration, and would recalcu-

late the forces in the restraint members.

The coupler force method is useful for heavy cargos that, for comparison

purposes, are out of the range of cargos that have had previous design

and test work. The method is also useful, as in the example, as a quick

check on the basic design configuration to determine if type of planned
securement, such as wood blocking, cables, or metal fabricated structure,
can resist the forces with a reasonable number or size of restraints. The
coupler force method establishes tiedown forces that could be larger or
smaller than actual forces because it assumes there is no relative move-
ment between the cargo and railcar. However, some relative movenment
always exists, introducing such factors as spring rate, damping, and
frequency. These factors, in particular combinations, could result in
increased tiedown criteria forces and could also afford opportunities to
reduce tiedown forces by proper design of the spring mass system.
Cushioned-underframe railcars, piggyback railcars, and inflatable
dunnage are examples of designing elastic properties into the system to
greatly reduce forces to the tiedowns.

Empirical Method

The empirical method for developing tiedown and restraint force criteria
is based on results from instrumented rail impact tests modified by
per'inent specifications., This method can be only as goQd as the test
data. Test results applied for the empirical method, to give weight to the
resulting criteria, must be generally acceptable to the technical com-
munity and be published by an approving or regulatory agency. Most of
the factors shown are substantially based on AAR test results from
Report No. MR 443, dated August 1965. The remaining factors are based
on AAR Specifications for Design, Fabrication, and Construction of
Railcars.

The general procedure used is to mtultiply the mass by nominal accelera-
tion, and then to multiply by a series of factors that will nia-ke the force
agree with the trend of test results. Considerable interpolaition anld
extrapolation are required because of the small numnber of points fromll
test results that appear to be accepted and consistent. Eilmpirical
procedure expressed in algebraic ticrns is:

'• • (' C .' ,C.
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where

FL restraining force
Ci cargo weight
C 2  nominal acceleration of cargo relative to railcar

C 3  maximum rail load limit divided by actual rail load
C.1 cargo elasticity factor, 0. 5 for wood-boxed cargo

1. 0 for bundled lumber cargo
1. 5 for steel-boxed rigid cargo

C 5 = risk factor, impact velocity in miles per hour squared,
divided by 100

The first term, FL, or force acting at the center of gravity of the cargo,
is the force that must be resisted by the cargo restraints. FL is inde-
pendent of the type of restraint used. Actual restraint and tiedown forces
will need to be calculated after the general scheme of the tiedown design
is developed.

The weight of the cargo to be restrained is denoted as C 1 . If the cargo
is unitized in several size groups, the tiedown force must be calculated
separately for each cargo group. If the restraints secure parts of two
different cargo groupings, separate calculations must be perfortmed to
distribute and superimpose the external forces.

Nominal acceleration caused by railcar impact is designated as C 2 . For
purposes of the empirical method, the respective values are 6 g, 7 g, and
8g for impacts with a 50-, 70-, and 100-ton hammer car. Nominal
vertical accelerations are 2g, Zg, and 3g for 50-, 70-, and I00-ton
hammer cars. Lateral accelerations are Zg for all three weights of
hamnm-er car.

C3 is a coefficient to adjust the tiedown forces relative to the total weight
of cargo on the railcar. This coefficient is the ratio of the maximumt-I
weight allowable for the railcar on the rails to the actual shipping weight
of all cargo on the railcar plus the light weight of the railcar.

Cargo elasticity has a pronounced effect o;. the magnitude of the tiedown
forces. C 4 is a coefficient based on test results to correct the tiedown
or restraint forces for various elasticities. C 4 ranges from 0. 5 for
relatively elastic cargos to 1. 5 for relatively stiff or dense cargos.

C(- is a coefficient to account for the impact speed that is frequently
speciftied for criteria. C ; is proportional to the kinetic energy of the
haniller car at variotus speeds. It ravages from 0. 36 for a 6-mite-per-
botir to 1. 44,1 for a 12-nmile-per-hour impact velocity. C5 enables

14



atd~usttmnt of the restraint tor1'cot to be consistent with the risk or value

of the vitrgo, 1Necauste of thie Iow-valtie coile•qtin1ct of restraint mieie r

faiiilu ri, many millita ry cargoes rotqttire restraint protection as low as

6 miles por hour. Other military canrgos are qn imiportant that cargo
restraint protection to 12 mjle8 per hotir i8 iieeded. C5 is set lip as ia
aopý%rate coofficient so that miltiple rostraint forces can be given for

various risk or impact-speed conditions.

As an illustration of the eumpirical method of determinIilK1ig restraint
c riteria, the following trainsportation system is a ssumed. Coinsider

boxed a tmmuition to be shipped in 70-ton standard draft-gear rail box-
cars with a light weight of 60, 000 pouinds. Each railcar wvill contain
135. 000 pounds of cargo, restrained separately in 27, 000-pound ulitized
l0ads. Consider further that the cargo is specified to withstand 8-niile-
per-hour impacts with a 70-ton hammter car. Assumne that sorne unitized
loading is near a railcar end, to give an external vertical acceleration
of 2 g. The external forces on the car are:

COUPLERI-T T F-
FORCE W 1 - 1 ýW"I A l

I W2

where

W I cargo weight
W2 - car light weight
Av inertial vertical force
Al L- inertial longitudinal force

and the external forces on the unitized load are:

, 3 1 , ' 7_t '

Fi4 1i l
2'- W3~



where

W - weight of unitized load inertial
FL = longitudinal force
1VF = inertial vertical force
SF1 , 2 , F3 V 1 , V 2 , V 3  resisting forces

'lThe basic formula for the empirical method is:

F L 0C CZ 0 3 C4 C5 (2)

where

W3. 27, 000 lb
SC2 7g
03 Max rail load - 220, 000 lb 1.13
SC3 W W 195,000 lb

C4 1.0 (boxed ammu nition)
C 5 ::0.64 (for 8 mph)

FL - (27, 000)(7)(1. 13)(1. 0)(0. 64) 136, 580 lt)
Fv 2(27) 54, 000 lb

F, and F are the basic inertial forces of restraint criteria. The ex-
L v

ternal resisting forces are dependent on the tiedown configuration, as in
the first example. The AAR specifies for bulkhead design that restraitit
forces should be distributed 100 percent over the entire bulkhead, 80 per-
cent over the lower half of the bulkhead, and 60 percent on the bottom
12 inches of the bulkhead. If the unitized anmmunition is 8 feet high, the
distribution of the external longitudinal forces F"1 , F?, and F 3 is as

follows:

F1  1 0-(F) 68, 290 lb

F 2  0. 80(3/ 4)(F) - 81, 9,0 lb

F 0. 60(F) 81, 950 lb

F 1 , F2, and F, were not obtained from equilibriutni eiaations, but from
factors to account for restraint loads concentrating at the bottom due to
cargo elasticity, and should not be used in oquilibrium equations. Ver-
tical tiedown loads normally are taken to be only the vertical inertia
load. The vertical force due to rotation of the unitized load u sualalv is
calculated separately, or is assuned to dissipate by free rotation. Also,

16
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since the 2g vertical is taken from test data for this example, the magni-
tude is 2g, independent of the Ig gravity or weight of the cargo.

F
v 54, 000

V1 = V 2  22- 2 -27,000 lb

The resulting tiedown criteria, expressed as forces, acting on the unitized
cargo in the positions shown, is:

68.29k 2

3 !1j 8

81.95 k44

81. 95 k 2-. _ _ _

The empirical nmethod produces the best accuracy for restraint criteria
when considerable test data exist for cargo with mechanical character-
istics similar to those of the cargo needing restraint criteria, AmInmni-
tion, boxed goods, and vehicles are examples of cargos with existing test
data. When cargo is intended for shipment by standard draft-gear rail-
cars, the empirical method is applicable because tests arre usually con-
ducted with standard cars that nornmally establish the most severe tiedown

forces.

All of the factors and coefficients comprising the empirical method are
entirely sensitive. If the information needed to selec. a coefficient for
the cargo is unknown, a conservative selection is usually made. The
resulting estimated restraint criteria can be so high that the tiedown

structure would be impracticable. When this happens, one of the other
methods is suggested.

Spring Mass Method

During rail impact tests, measured accelerations on the cargos vary trom
2 g to 6 0g for the same basic impact velocities. The acceleration spread
is caused by different masses, elasticities, and spring rates. To

establish meaningful cargo restraint criteria, it is necessary to compute

17



the effects of various masses, elasticities, and frequuecies of components
of the spring mass system. This method is basically the classical method
of establishing the motions of the systeni as a function of time to .stablish
the proper interaction of the forces and the effects of the s-'stcm frequen -
cies. Consider two railcars whose masses are Ml and MNA during impact.
The cars have draft gears or cushioning denoted by k1 and k., and tho
respective car displacements are indicated by x, and x) as shown:

For caliculation purposes, the two active draft gears will be conxside tred
as two springs, in series, with the c om bined spring raIte k. or,

k
1

The eqluations of motion are:
} I 1 I- k× - x,) (4)

m,' I k(x, - x) 0 (,)

where x denotes the tceCeleVr,.tion of each mass.

'The solutions to these equations are of the expone ntial ti'pe:

where 1,) is the natu ral circular frequency of tho systetm.

For the spring mitass givent, Ul reduces to;

I- . .

•.'"

f



Constantseta nt.s A and A) are determnined from the initial conmditions of the
example. The expression of displacement may also be written as:

1 C sinWt C) cos(i)t

X) (C3 siflCLJt ( ' 4 cosWt

where C 1 , C, C and (C4 are new arbitrary constants replacing A\1 and
A 2 . By substituting the initial condition, the consta nt • rc found to be:

C,- C 4  0  (o

C. 0C - C( 3

where x. is the conipression of the springs, and vis the initial velocit
of the haiilmer car.

The spring deflection (xI - x)) is given by the equation:

(...... ) *-'2-- sintL0t (')-• •( xI X. ) si)O

A is the ainiplitýide of vibration and to r these specific conditions is:

A \- (8)

The acielCeration is a tit••ximiun when the draft gears are fully closed, or
when A x1 - x 1 ) substituting in:

m x \(x2 xi) 0 (i)

-k k
A (10)0

M1 4\1 k .k_" "1 " 1

For cargos with nearly rigid tiodowns or' rotraints, x,1 may be u $L'd to
calculate the tiedown forces.
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LP . . .

For an example of the spring mass method, consider a cargo loaded in a
railcar to 130, 000 pounds rail weight. Restraints are to be designed to
resist an 8-mile-per-hour impact with a 100-ton car, 260, 000 pounds
maximum rail load.

M 130, 000 lb/ft/sec2 260, 000 lb/ft/sec

32.2 32.2

k 1- 187,000 lb/in!+
k k

1 2

I 9 rado!sec (11)

f -i-- LJ 4. 5 cps (12)
27T

pulse titne - 0. 1 1 1 sec (13)' "f 2(4.5)

A _ 8)(22) 0. 40 ft or 4. in. (8)

"(1M5( M2

hA _ ,12)•. 40)(32. 2) -222 ft/sec
1130

-)22
: -6. 9)g (19)g

32.2

If the cargo is rigidly supported to the railcar and has a high natural
frequency, the restraint criteria would be 6. 90g at .1. 5 cycles per second.

If the cargo has a natu ral frequency anywhere near the restraint criteria
t requency, it might cause serious amplification of the restraint forces.

20



The magnification factor is given by the expression:

1
2 (14)

2

U3n

where4) is the frequency of the impact force, and w n is the natural fre-
quency of the mass receiving the impressed dynamic loading. This factor
can go to infinity or resonance. Damping in the system reduces this
magnification. Most cargos have large damping or friction built in the
restraint process so the maximum amplification should not be larger
than 2.

If, in the prece!ing example, the natural frequency of the cargo were 10
cycles per second, the restraint criteria would have to be modified as
follows,

W = 29 rad/sec

n = 10(2°n') 62.83 rad/sec

- I z .27 (14)

2 (29)2

"(63)2

1. 2 7 (6 .90g) 8.'75g

Magnification does not change the frequency. The revised restraint
criteria for the example would be 8. 75g at 4. 5 cycles per second. As in
the other examples, the actual restraint forces are dependent on the
restraint design and on the mass of the cargo to be restrained, From
this point, the calculations proceed as in the first two examples.

Damping has not been considered for the basic spring-mass restraint
criteria method for several reasons: first, it is beyond the scope of this
discussion; and second, damping rarely plays an important role in the
first cycle or inpact. Even with impact, if the natural frequency of the
cargo and the input frequency are close, the amount of damping required
to reduce the restraint forres to a reasonable level must be calculated
and provided for in the design. For most cargoo with relative motion
between the cargo and the railcar, the spring-mass method can be used

2"" 2
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A.

•s 'v•'tl m 1\,%%eI I ie v r I11 g I iipastt, I t.'l tiim , tk are l rot sn lltalent(is so that

t Ile' , ,t I%' lil t I-irtes, elil, Ibe tatio1s of N otmical bae c l tserl 5ed '(the

t1lml' II,\' ,1•,i \i I I I'd1l lii 1la'te Iwl the dresign to lbtitgain optilu results in
,hl't I'it' ,t ,Ti lto 1 H ,l11it i liI ii Ilkl-l 1 t'kl ( ,i1' Ii t, spraiti mi1H to the ofareo. r.t[he

,l'II i , 11m I l1It,% l t (It liles tis \lt tp'l( oell with liir.'te restrairnt designs. Tin

'on dItoln\ I i' ,It's ltl voe '.a rgt c lif s oimng, t olc itlrgOlle2C d sllacellen ts,

icI' flt, vol tI~t, llt l t I'o i' . raI kt I rIto ia, (I h lls thf I luiioll tý eoIlliltl a lues bar s f

I', I i , t I It•i lit' l viI ý In it , tl r I Ir I I I t i" I K \,l relat.io lt~hipr t h a ligu s]e a o c o

i l,', ovi 'M ll t lit hm va ithtIld ,Io Ilo d s g o ob ailo tIII-1r s ls i

n~i't 1ret, , tie the :u~tntion1 ,I nof 1titit1 n•eed| not b, (l.eveloped, Ibhe en-erzgyKlett estil"t eI the 'ell l taul t Wt rbs to tue kineratic .torgy thcnrge in the

s,\,telii tI''II itlit ial CIItdA('t to titli( iit" peaxk couplecr force. 'Vlihe energy

Ittll, til, i- i o1, t ,s piliiim e whlo,\i the mr echant1itcal systeli l e>xperiences Igns. 'I
V1thin , ,il illipa1t bit'ort, the ca ,lgo reostrt'ainlts are stressed. Flor rail

I, k I I tait I\Iv the i I . t itaI p t is betoween the a Ime r car anti the raiLca r
I. I' I' I )1 , 1ve tfra ile rs,Ih Ionml i1terest in thiosuliact for rest raint iurpeis to the result

S,,~~~iitil Ih,' lcptt in• ternis otf to,,ice and frequelncy, Some titme.' after t~he fi rut
t1s,11%'t, toir Alter plt, tcule to forces, a second ilpact occIrs, which is

lIt'tl'liwi tIhlt test car and thv trailters. It is the second impact that m mre-
li'i,, tle nla>iltOll lor, cte on thO trailers alnd the. cargo res straints, TIhs
~i 0 seqilelt tit-tyfis impact occurs with most standard draft-gear car

a r raugenle, Ils and with any ca~rgo that is inde~pendently sprung in the
slitl pling configuration•.

The tonlegy il'thor d is based on the fact that the change in kinetic energy

hi oqual tolt tt nergy ansorbed in the springs a.t the time of thaxitptro
14,1 lg) dtul'ect iol. (tConsidema the ipact between a standard treigaf t car
and a pigg-ybactk cear ctarryiug two traiters. M 1 denotes the nass of the
Thmie t-r car; Me the baases of the piggyback rat tear; and Mi3l nid M 4 , the

mitas s ol twot tral•lers carr ed by the piggyback car. The spring rate of

tile han•tmer-car culshion is indicated by ka, and kb denotes the spring

rate of tile piggyback car cushion. The comlabinked effect. of ka and kb is
dollotod by k1. The veoitcities throughout the impact cycle are denoted

•a
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by I1 . The velocities throughout the impact cycle are denoted by vI for
the hammer car and v2. for the piggyback car. x xiand x., are the displace-
merits for the hanimer c'ar atnd tie piggyback car, respective1ly.

"•,X

IIz

A 4 1 1 1--- 7-7. -(l )

Ma k, X2

The energy absorbed in the sy-St eni due to tihe mipact is as*tmsumed to he
entirely absorbed by the springs. The springs are ;Issiuited to he l inear,
and no account is taken for their preconmpression. Also, any clastic
action of the railcars or car'go that absorhs ue lrgy is included as Ipart( ot
tbthe draft gear. Iho combihined Spring rate, k , is aken ro frm insti'lulmelted
test. data that account for extralneous pot ent ial ene rgies. The 111;mxillinlt
spring travel of x 1  - x2 is denoteod as 'll, and thi c u xintiti ll \,olon it v

difference v1 v 2 is V' hl* The ab1sorbed enevgy is 'Xptc s sed ;Is AV I*

1 1' u)

The equat.ion for the spring deflection in toe 'ils of the u a1xi Inn nIr doeflct, inn
would have to be a sine function of time, or:

(X1 - x 2 ) - X 1 sint ( -,')

The velocity of the spring compression is found by diffeorenttiatiing the
displacement formula, or:

V " )) . L h cost ) t (18)

The niaxin-iu velocity difference wou ld have to he at t .0, wvhe re

cos Wt. 1.

v -Wx :

mi I. 0



Before impact, M 2 is motionless and M 1 contains all of the kinetic energy
of the system. At the time of maximum spring deflection, M 1 and M2
form one mass traveling at the same velocity, and this single mass
contains all of the kinetic energy of the system. The kinetic energy
change is:

2
,Mlvlz (M 1 f M 2 ) (19

Using the principle of the conservation of momenturn:

M v I (M + M)V (20)

Mv 2 MM1
AE Ii - TMj (21)2 2

____ In M12 1 2 31 Im +M (22)i} 2klxl 1. - 2 l M1 M,

M" M (23)
2

Xl - V IVI I, M N1  (24)

The same procedure is used for the second impact, where the hammer
car and the piggyback railcar join together as one mass and impact the
trailers:

24
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/V2

v 2

S k k2
2 .0____ + 2 (25)

M 1 + M2  M 3 + M4

xi (m. -v M I
a: 2 x+ M M1L2( 1 +1 M 2  1 + M2 + M 3 +(26

With the double iiiipact, the output force from the first impact is the
impact force to the second impact, which can cause amplification to the
cargo restraint forces. This magnification is expressed by:

2l (27)

• • 2

For an example, consider cargo weighing 35,000 pounds restrained
rigidly in 5, 000-pound trailers. The piggyback railcar weighs 50, 000
pounds and carries two trailers. The restraint forces are required to
protect against 1O-mile-per-hour impact with a 50-ton hammer car,
169, 000-pound maximum rail load.

hVo=10mph -

p~qk,, k2 0

250
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k, (both draft gears) 166, 600 lb/in.

k2 (both hitch cushions) 19, 100 lb/in.

k l g klg (166. 6)(32. 2)(12) (166. 6)(32. 2)(12 1/ 28)

w169 -50 71/2I
-10, 8.1 rad/sec or 6. 5 cps

lm k M 1 + (24)

(169)_(14._6_6) 169

i (16' 6)(12)(32.2) 169+ + .

:Xlm 0. 359 ft or 4. 3 in.

Ik

W2 M1 + M2 MM3 \44  (25)

1.9. 1)(32. 2)(.12, + (19. 1)(32. 2)(IZ)

169 + 50 + 40 + 40

11.22 rad/sec or 1.78 cps

MIV1 2 LM iim (6X2mm k M M + M + M- (26)
1 2 M3  M]

169(14.66)2 169 169 .

X2rm (19. 1)(12)(32. 2) 169 + 50 169 + 50 + 40 +40

X2m 1.0 ft or 12 in.

The coupler force, F1 , is equal to the draft gear travel, times the spring
rate, or:

xF1  m

4.3(166,000) = 716, 400 lb
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and the hitch force, F 2 , is found:

F2 x2mk2

F12 12(19, 100) 229, 200 tb (for 2 trailers)

by applying the amplification factor:

1 1

(20.19 2 (27)
1 - 2 1 -

S-0.45

In this example, the magnification factor is negligible. This indicates
that the piggyback system was designed to operate out of phase and
prevent amplification when carrying an average-size cargo. Here again,
the cargo restraint must be checked for its natural frequency, , 3 , and
compared withW2 for possible magnification at the restraint.

The restraint criteria for the example can be determined by proportioning
the hitch forces to the cargo and trailer. If F 3 is the force on the cargo
and W 5 is the weight of cargo in one trailer, andW3 is the weight of
cargo plus trailer, then:

F2

(29)

S1229.2 00, 300 lb (per trailer load)

For the example, the resulting criteria, would be 100, 300 pounds longitu-
dinal force, acting at the center of gravity of the 35, 000-pound trailer
cargo, with a frequency of 1. 78 cps.

* .Summary

* .Cargo restraint criteria, when expressed as acceleration of the cargo for
S'- p transportation, will vary from 2g to 6 0g depending on the weights and

elasticities of the cargo, on the restraint structure, and on the degree of
protection required. Cargo restraint criteria can be calculated to obtain
safe and balanced cargo restraint designs.

27
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There are at least four methods to calculate cargo restraint criteria.
Each is applicable to particular types of cargos and restraint arrange-
rments. The methods can be used separately or in combination, and parts
of each method can be mixed to obtain criteria. Two methods normally

are calculated to afford a check on the resulting criteria.

The empirical method compares the cargo to be restrained with similar
cargo arrangements that have been tested. The restraint criteria are as
good as the similarity between what is needed and the existing test results.
The empirical method is applicable to crude restraint systems with poorly

defined restraint members, poor structural connections, and uncontrolled
cargo motions.

The coupler force method proportions, by weight, the maximum specified
coupler force to the car body and cargo. This method is dependent on
rigid cargo restraints, as it assumes that all forces are peaking at the
same instant. The coupler force method is particularly applicable to
extremely heavy railcars carrying rigid, shear-connected cargos such as
transformers and nuclear casks. With lightly or partially loaded railcars,
the coupler force method gives excessive rail restraint criteria forces.

The spring-mass method is the classical one for mechanical vibrations.

It enables the cargo restraint criteria to be presented as equations of
motion. By this method, the frequencies and forces throughout the entire
impact cycle are calculated. The spring-mass method is particularly

applicable in the restraint design stage where restraint criteria can be
given for both force and frequency, The desired restraint frequency can
be provided in the design to prevent force magnification.

The energy method considers only maximum values to determine restraint
criteria. Frequencies can be computed with this method, and they require
a little less calculation than with the spring-mass method. The energy

* method is quite adaptable in computing restraint forces consequent to
multiple impacts as with piggyback systems or cargos with built-in =

cushioning.

Restraint criteria forces must be distributed from the cargo center of
gravity to the restrainit members. Restraint design will, to a degree,
establish the magnitude of criteria forces. This is particularly important
when the cargo restraint is of wall or floor chock type. Due to differences
in the restraint structure flexibility, the restraint forces are greater at

the bottom of the restraint than at the top.

This report covers the development of the formulas for rail restraint
criteria. The Military Traffic Management Command Transportation

28
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Engineering Agency (MTMCTEA) plans to publish the criteria formulas
§ of this report, with complementing test procedures and other technical
X: information, in a condensed form to comprise a military standard cover-

ing cargo transportability by rail mode.

iRP,
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